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The motion of an optially trapped sphere onstrained by the viinity of a wall is investigated
at times where hydrodynami memory is signiant. First, we quantify, in bulk, the inuene of
onnement arising from the trapping potential on the sphere's veloity autoorrelation funtion
C(t). Next, we study the splitting of C(t) into C‖(t) and C⊥(t), when the sphere is approahed
towards a surfae. Thereby, we monitor the rossover from a slow t−3/2 long-time tail, away from
the wall, to a faster t−5/2 deay, due to the subtle interplay between hydrodynami bakow and
wall eets. Finally, we disuss the resulting asymmetri time-dependent diusion oeients.
PACS numbers: 05.40.J, 05.40.-a, 87.80.C, 82.70.Dd, 83.50.Ha
Understanding and ontrolling the transport of ol-
loidal miroarriers, suh as membrane vesiles, through
a uid is one of the main hallenges in ell biology [1℄, and
related lab-on-a-hip approahes. With the miniaturiza-
tion of suh tehnologies, partiularly mirouidis [2℄,
the olloid's motion is inreasingly onned, and the in-
uene of boundaries, e.g. a hannel wall, beomes non-
negligible. In partiular, in a system as small as a ell,
many obstales will alter the trajetory of a diusing par-
tile. Any deviation from its well-understood free Brow-
nian motion, will give information on the partile's sur-
roundings. The redution of a olloid's mobility lose to
a wall, also known as 'surfae onnement', was already
predited by Lorentz in 1907 [3, 4℄, and is expeted to
entail drasti eets on its time-dependent Brownian mo-
tion arising from the thermal utuations in the system.
Experimental evidenes for this wall eet are ompa-
rably reent, and onsist mostly in measuring hanges
in the diusion oeient D of a miron-sized sphere
approahing a surfae [5, 6, 7℄ or being onned between
two walls [8℄. Measurements onrm that an interfae in-
reases the steady-state frition, hene the visous drag
on the partile, slowing down its diusion as the dis-
tane h between the sphere's enter and the surfae is
redued. The motion beomes anisotropi in the dire-
tions parallel and perpendiular to the wall. Conven-
tional data aquisition and analysis rely on Lorentz's
zero-frequeny approximation for the mobility, whih
only takes a visous ontribution from the uid into a-
ount. However, for a neutrally buoyant sphere, the
presene of hydrodynami memory due to momentum
onservation in the uid [9, 10, 11℄ leads to it having
a signiantly delayed dynami behavior, at time sales
muh larger than the partile's momentum relaxation
time τ
p
= 2a2ρ
p
/9η. This memory has been observed
in bulk for olloidal suspensions [12, 13℄, and, more re-
ently, diretly for a single mirosphere [14, 15℄. Its origin
lies in the bak-ow that a spherial partile of density
ρ
p
and radius a reates in a uid of visosity η and den-
sity ρ
f
. The long time diusion of momentum in the
visous uid leads to an algebrai deay, the so-alled
long-time tail, in the veloity autoorrelation funtion
(VACF) C(t) = 〈v(t)v(0)〉 ≃ D
√
τ
f
/4pit−3/2 of the u-
tuating sphere at times t & τ
f
= ρ
f
a2/η, the time needed
by the perturbed uid ow eld to diuse over the dis-
tane of one partile radius. Obviously, the presene of
a wall bounding the uid will aet the uid vortex one
it has enountered the wall, whih will our at times
larger than its propagation time, τ
w
= h2ρ
f
/η, from the
partile to the boundary [16℄.
In this Letter, we investigate the eet of hydrody-
nami vortex diusion on the nature of the long-time tail
as a funtion of the wall-partile distane h, by measur-
ing the position utuations of a single spherial partile
approahing a hard surfae. Weak optial trapping [17℄
is employed to position a silia sphere relative to a plain
glass surfae, and, at the same time, to trak the Brow-
nian partile's trajetory interferometrially [18℄ with a
preision better than 1 nm and a time resolution of 2 µs
[14℄. The optial trap is reated by fousing a 20×-
expanded Nd-YAG beam (λ = 1064 nm) by a 63× water-
immersion objetive lens (NA= 1.2). The thermal posi-
tion utuations of the sphere in the weak trap are mea-
sured with an InGaAs quadrant photodiode, amplied
and digitized (12 bits). The position signal is reorded
during ts = 20 s with a sampling rate fs = 500 kHz orre-
sponding to N = 107 data points. The Brownian partile
used here is a silia sphere of several mirometers diam-
eter (ρ
p
= 1.96 g/m3) immersed in water (ρ
f
= 1 g/m3,
η = 10−3 Pa·s). It is gradually approahed towards the
surfae of a 100 µm-sized sphere sandwihed between the
two overslides of a uid hamber (size ≈ 2 m × 0.5 m
and thikness ≈ 100 µm). As illustrated in Fig. 1, the big
sphere an be onsidered as a at surfae on the sale of
2FIG. 1: (olor) (a) 3D lateral view of the experiment; spheres
are drawn to sale. A silia partile of radius a =1.5 µm
trapped by the laser fous is plaed next to the surfae of
a signiantly larger silia sphere. This 100 µm sphere is im-
mobilized between the two overglass surfaes of the sample
hamber. (b) Optial image of the probing partile's position
relative to the wall reated by the big sphere. The 3 µm prob-
ing partile was plaed at a distane h =11.5 µm away from
the 100 µm sphere's surfae and gradually approahed. The
veloity orrelation funtions, as well as the diusion oe-
ients for the motion parallel and perpendiular to the wall
are measured.
our Brownian sphere. Suh a onguration irumvents
the draw-bak of the lower resolution along the optial
axis z, intrinsi to optial trapping interferometry [19℄,
thereby allowing measurements with omparable au-
ray in both diretions, parallel and perpendiular to
the boundary. The small silia spheres are suspended
in water at a low enough onentration to allow trapping
and observation of one isolated partile. The sample is
mounted onto a piezo-stage, and the 100 µm sphere an
be positioned at a distane h relative to the trapped par-
tile by moving the piezo-stage in all three dimensions
with a preision of ≈ 1 nm.
As a rst test of the sensitivity of our set-up, we
measure the VACF for a mirosphere (a = 2.25 µm,
τ
p
= 2.2 µs, τ
f
= 5.1 µs) far away from any boundaries
(h ≥40 µm). The optial trap is partiularly well-suited
for the experiment, as its harmoni potential results in
a linear fore F = −kx(t), whih only ats on the par-
tile, but does not onne the surrounding uid. The
spring onstant k of the trap gives rise to a new time sale
τ
k
= 6piηa/k. A model for the Brownian motion of a par-
tile in a harmoni potential is provided by Clerx and
Shramm [20℄, who went beyond a simple Stokes approx-
imation by using the time-dependant linearized Navier-
Stokes equation to desribe the uid motion. Fig. 2 shows
the measured normalized veloity autoorrelation fun-
tion C(t)/C(0) for k = 19 µN/m and k = 5 µN/m. In
order to ompare data with the theoretial urves, the
normalization C(0) and k are treated as t parameters.
As an be seen in Fig. 2, our data follow the theoretial
predition [20℄ over the full time range, down to a noise
level of 5 · 10−5. As was shown earlier [22℄, an inter-
mediate time window τ
f
. t . τ
k
/20 opens, where the
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FIG. 2: (olor) Log-log plot for the measured normalized ve-
loity autoorrelation of a sphere (a = 2.25µm) held by an
optial trapping potential with k = 19 µN/m (green irles)
and with k = 5 µN/m (red squares). The ontinuous red and
green lines are ts to the model of Clerx and Shramm [20℄.
The hydrodynami long-time tail C(t) ∝ t−3/2 (blak line)
emerges as the spring onstant is dereased. Inset: Blow-up
of the region of anti-orrelations on a log-linear sale.
partile's motion an still be observed, but is free from
the inuene of the trap and mainly dominated by the
uid's inertia. Hene, in order to minimize inuenes
from the trapping potential on the Brownian motion and
resolve hydrodynami memory eets, we adjust τ
k
to be
as long as possible. By dereasing the spring onstant
from k = 19 µN/m to k = 5 µN/m, we diretly observe
the emergene of the long-time anomaly t−3/2 (Fig. 2)
over two deades in signal, whih has not been previ-
ously reported in the literature. In an inompressible
liquid, the initial value of the VACF is determined by
C(0) = 〈v(0)v(0)〉 = kBT/(4pi3 a3(ρp + 12ρf)) [21℄, leading
to
C(t)
C(0)
≃ B
(
t
τ
f
)−3/2
, t & τ
f
, (1)
where the amplitude B = (ρ
p
/ρ
f
+ 1/2)/9
√
pi depends
only on the mass ratio. The value of the prefator is of
the order B ∼ 1/10 for the olloidal system used here,
and an be diretly read o the data at t = τ
f
(Fig. 2).
At longer times, t ≫ τ
k
(t = 22ms for k = 19 µN/m
and t = 96ms for k = 5 µN/m), the uid's inertia is ex-
peted to generate a seond zero in C(t) followed by a fast
t−7/2-tail as (15B/4)(t/τ
f
)−3/2(t/τ
k
)−2, whih, however
remains unobservable due to noise.
Next, we approah the Brownian sphere (a = 1.5 µm,
τ
p
= 1 µs, τ
f
= 2.25 µs) towards the boundary reated
by the 100 µm glass sphere (Fig. 1), and vary h from
37.8 µm to 4.8 µm, orresponding to a redution in τ
w
from 1400 µs to 23 µs. The trap stiness is minimized
to k ≈ 2 µN/m (τ
k
= 14ms) by lowering the inoming
3laser power. It is worth noting that dereasing k de-
grades the signal-to-noise level, as an be seen in the
inrease of the error bars in Fig. 2. As already men-
tioned above, momentum from the uid is transferred to
the wall at times t & τ
w
. The leading hydrodynami
tail t−3/2 in C(t) is then aneled, and C(t) splits into
C‖(t) for the motion parallel and C⊥(t) for the motion
perpendiular to the wall. Reently, Felderhof [16℄ pro-
vided a full analytial solution for the motion in both
diretions. He generalized the frequeny-dependent ad-
mittane (i.e. the frequeny-dependent mobility) for the
unonstrained motion Y0(ω) [11℄ to Y‖(ω) and Y⊥(ω)
for a point partile moving lose to a wall. Relying on
the utuation-dissipation theorem [21℄, he then alu-
lated C‖(t) and C⊥(t) via a Fourier-bak-transform from
Y‖(ω) and Y⊥(ω). For the parallel motion, a more rapid
but still algebrai deay is predited
C‖(t)
C‖(t)
≃ 3B
2
τ
w
τ
f
(
t
τ
f
)−5/2
, (2)
for t & τ
w
, provided that the wall is not too lose; τ
w
≫
τ
f
, τ
p
. For the motion perpendiular to the wall, the long-
time behavior, t & τ
w
, is predited, to leading order in
a/h, as
C⊥(t)
C⊥(0)
≃ 3B
2
[
Az3
(
t
τ
f
)−5/2
+
τ2
w
4τ2
f
(
t
τ
f
)−7/2]
, (3)
where Az3 = (2ρp/ρf − 5)/9.
To disentangle surfae onnement from the trap on-
straint, we extend Felderhof's theoretial approah [16℄,
by inluding the optial trapping fore [23℄. In bulk,
the harmoni potential modies Y0(ω) [11℄ to Yk(ω) =
[Y0(ω)−1 − k/iω]−1 [20℄. Aordingly, in the presene of
a wall, the admittanes Y‖,⊥(ω) have to be modied to
[Y‖,⊥(ω)−1 − k/iω]−1, and a suitable Fourier algorithm
yields the VACFs in the entire time domain, whih is
tted to our data.
Figure 3 shows the normalized C‖(t) and C⊥(t), in the
time range τ
f
< t < τ
k
/20 = 0.7 ms, at four dierent
distanes from the wall. Far away from the boundary,
at h =37.8 µm, we observe the same t−3/2 power-law for
both diretions (Fig. 3a). However, as soon as the sphere
reahes the proximity of the wall, and τ
w
falls into our
window of observation, C(t) splits due to the hydrody-
nami interation with the wall (Fig. 3b, h = 9.8 µm, and
τ
w
= 96 µs). Our data show learly that the anisotropy
inreases even more as h is further dereased (Fig. 3
and d). The higher noise oor at smaller h probably
results from sattering of the highly divergent trapping
laser beam by the big sphere. In C‖(t), a transition
from the free bulk behavior at h =37.8 µm, harater-
ized by the t−3/2 power-law (Fig. 3a), to onned mo-
tion, with a steeper, t−5/2 power-law arises in the data
at t ≃ τ
w
. The eetive amplitude in Eq. (2) is redued
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FIG. 3: Log-log plot of both normalized VACF, C‖(t)/C‖(0)
and C⊥(t)/C⊥(0) for a sphere (a =1.5 µm, τp = 1 µs, τf =
2.25 µs) trapped in a weak optial potential (k ≈ 2µN/m,
τ
k
= 14 ms ). The inreasingly anisotropi VACF is measured
at four distanes from the wall (h=37.8, 9.8, 6.8 and 4.8 µm,
orresponding to τ
w
= 1400, 96, 46, 23 µs, respetively). The
harateristi power-laws from Eq. (2) and Eq. (3) are repre-
sented by blak lines as guides to the eye. The experimental
data (squares and irles) are ompared to the theory that
inludes hydrodynami memory, wall eets, and harmoni
restoring fores (ontinuous lines).
by up to 30% due to the trap. The drop to negative val-
ues in C‖(t) arises from antiorrelations imposed by the
harmoni trapping potential, and an only be aptured
by our extended theory [23℄. As an be inferred from
Figs. 3, the theoretial urves desribe the data down to
the noise level. For the perpendiular motion, the pref-
ator Az3 of the leading t
−5/2
-term in Eq. (3) depends
on the relative densities, and is negative in our experi-
ment, Az3 = −0.12. Hene, for k = 0, a sign hange
is expeted at t ≃ −τ2
w
/4τ
f
Az3 = 1890, 8.53, 1.96, and
0.49ms. Aording to Eq. (3), a positive tail t−7/2 should
dominate in the time window τ
w
. t ≪ τ2
w
/τ
f
. How-
ever, the sign hange in C⊥(t) is observed to our muh
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FIG. 4: Normalized time-dependent diusion oeients,
D‖(t)/D and D⊥(t)/D, for the diretion parallel and perpen-
diular to the wall at the same distanes h as in Fig. 3. The
arrows at the right orrespond to the asymptoti values given
by Lorentz's predition in Eq. (4). The experimental data are
represented by symbols, whereas the full lines orrespond to
the theoretial ts. The arrows at the top and the bottom
indiate the respetive time-points of the shallow maxima.
earlier, even though the trapping potential is minimal.
Nevertheless, for the two losest distanes (Fig. 3 and
d), the steeper deay is ompatible with the intermediate
power law t−7/2 predited by Eq. (3), but with an am-
plitude redued to 50% by the trap. This inuene from
the trap as well as noise also obsure the rossover from
the positive t−7/2 to the negative t−5/2 tail.
In general the ts in Fig. 3 are not very sensitive
to the spring onstant k. Therefore, we determine its
value by omparing our data to the long-time behavior
of the time-dependent diusion oeients, D‖,⊥(t) =∫ t
0
C‖,⊥(t
′)dt′, shown in Fig. 4. As an be inferred from
Fig. 4, the suppression of diusion beomes anisotropi
and follows the point-partile predition by Lorentz [3℄,
D‖ = D[1− 9a/16h] , D⊥ = D[1− 9a/8h] , (4)
where D = kBT/6piηa is the diusion onstant in bulk.
The higher orders in a/h are known to ontribute less
than 2% for h/a > 3 [4℄, and our data analysis suggests
that the point-partile limit is also valid for the time-
dependent motion with similar auray. The observed
zero-rossings in the VACF translate into shallow max-
ima in the diusion oeients. They are still up to 5%
below the asymptoti values D‖ and D⊥, expeted for
k = 0, whih exemplies that free Brownian motion is
not attained in optial trapping of miron-sized spheres,
even for times t . τ
k
. At longer times the trap domi-
nates and redues the diusion oeients to zero (not
shown).
In onlusion, we provide high preision experimen-
tal data relying on optial trapping interferometry whih
validate reent theoretial models. This approah gives
aess to the study of diusion eets at a boundary,
whih are partiularly relevant in diusion-mediated in-
terations. During suh proesses, strutures, like a large
protein or membrane, interat with eah other. This
searh for a potential interation partner may be favored
by the wall eet desribed here, as a fairly high mobility
is preserved along the boundary, whereas diusion away
from the interation partner is suppressed [24℄.
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